A dhesion molecules are transmembrane glycoproteins that mediate an array of cellular interactions and play an essential role in the process of inflammatory cell migration (1, 2) . One such molecule, VCAM-1, is expressed on the surface of endothelial cells and promotes the binding and movement of lymphocytes and eosinophils across vascular endothelium (1) (2) (3) . VCAM-1-mediated leukocyte recruitment and migration are implicated in the pathogenesis of several disease states, including inflammatory bowel disease (4), conjunctivitis (5), nephropathy (6, 7) , and arthritis (8) . The essential role of VCAM-1 in tissue injury has been corroborated in a number of animal models. For example, radiation-induced intestinal inflammation, which is characterized by increased endothelial VCAM-1 expression, is attenuated by treatment with anti-VCAM-1 Abs (9) . Immunoneutralization of VCAM-1 has also been shown to ameliorate hepatic necrosis and neutrophil infiltration in response to endotoxin (4) . Indeed, VCAM-1 appears to be integral to leukocyte recruitment in a variety of tissues, including the brain (10, 11) , kidney (12) , and intestine (13) .
The molecular mechanisms involved in VCAM-1 signaling have recently begun to be elucidated. The binding of lymphocyte VLA-4 (␣ 4 ␤ 1 integrin) to endothelial cell VCAM-1 triggers the calcium-and Rac1-dependent activation of cellular NADPH oxidase (14) , which generates low (micromolar) levels of reactive oxygen species (ROS) 3 (3) . This is in contrast with signaling by other endothelial adhesion molecules, such as selectins (15) and PECAM (16) , which does not involve ROS production. The localized increase in ROS in response to VCAM-1 stimulation induces the activity of matrix metalloproteinase (MMP)-2 and -9. MMP-mediated digestion of the extracellular matrix and intercellular tight junction complexes facilitates transendothelial lymphocyte migration (17, 18) . ROS also have been implicated in the induction of the morphologic changes necessary for cellular retraction, through modulation of the actin cytoskeleton (17) . Because the generation of ROS appears to be critical to VCAM-1 signaling, oxygen radical scavengers would be expected to block this process. In this regard, antioxidants have been shown to inhibit leukocyte infiltration in murine nephritis (19) and asthma (20) models, and to decrease cytokine production (21) by cultured endothelial cells.
Bilirubin, one of the principal metabolic end-products of heme catabolism and a potent antioxidant (22) , is generated by the sequential action of heme oxygenase (HO) and biliverdin reductase (BVR) (Fig. 1 ). There is a growing body of evidence supporting that bilirubin is cytoprotective, as this bile pigment has been shown to suppress postischemic myocardial dysfunction (23) , protect against LPS-induced liver injury (24) , and ameliorate local hindpaw inflammation induced by the injection of -carrageenan. Because bilirubin is the most abundant endogenous antioxidant (22) , with a potency comparable to ␣-tocopherol (25) , we speculate that bilirubin may exert its cytoprotective effects by disrupting VCAM-1-mediated signaling. In support of this hypothesis, bilirubin has been shown to block oxidant-mediated leukocyte adhesion (26) and prevent oxidative injury to vascular smooth muscle cells (27) . To determine whether bilirubin acts via a VCAM-1-dependent mechanism, we examined the effect of bilirubin on the migration of lymphocytes across isolated endothelial cell monolayers and on eosinophil migration across the pulmonary vascular endothelium in OVA-primed mice. Bilirubin administration inhibited the transendothelial migration of leukocytes in both of these VCAM-1-dependent model systems, supporting a potentially important regulatory function of this endogenous bile pigment on inflammatory responses.
Materials and Methods

Materials
Unconjugated bilirubin (bilirubin IX␣), biliverdin (biliverdin IX␣), and ditaurobilirubin (BDT) were obtained from Porphyrin Products. Bilirubin IX␣ was further purified according to the method of McDonagh and Assisi (28) to eliminate potential lipid contaminants. Rat anti-mouse VCAM-1 was obtained from BD Pharmingen. Rat anti-mouse major basic protein-1 (MBP-1) was kindly provided by Drs. J. and N. Lee (Mayo Clinic, Scottsdale, AZ). Rat anti-mouse ␣ 4 integrin (VLA-4) was purchased from BioDesign International. Dihydrorhodamine 123 (DHR) was obtained from Molecular Probes.
Transwell migration assay
Murine high endothelial venule-like cells, derived from BALB/c mouse axillary murine high endothelial venule (mHEVa) or cervical mHEV (mHEVc) lymph nodes (29) , were grown to confluence in the upper chamber of 12-m transwells (Costar) in RPMI 1640 supplemented with 20% FCS, 2 mM glutamine, 1 mM HEPES, 10 mM sodium bicarbonate, 100 U/ml penicillin, 100 g/ml streptomycin, and 50 g/ml gentamicin. Monolayers were preincubated for 1 h in the presence of bilirubin, biliverdin, BDT, or the corresponding vehicle, which were simultaneously added to both the upper and lower chambers. Bile pigments were solubilized in 50 mM potassium phosphate (pH 12) immediately before each experiment (30) . The addition of a small aliquot (0.4% v/v) of this stock solution had no effect on the pH of the culture medium. To ensure adequate bilirubin solubilization, all experiments were conducted in the presence of 20% FCS (30) . Migration was initiated by the addition of murine splenic lymphocytes (ϳ4 ϫ 10 6 cells) and erythrocytes (ϳ4 ϫ 10 6 cells; nonmigratory control), to the upper chamber of the transwell (29) . Chemotaxis is induced by the constitutive expression of MCP-1 by the endothelial cell lines (31) . Bile pigments and vehicle were present in both the upper and lower chambers throughout the duration of the experiment. Monolayer integrity was confirmed by the absence of erythrocytes in the lower chamber of the transwell, as these cells are nonmigratory (14) . In the event that erythrocytes were detected in the lower chamber, data from that transwell were discarded, a situation that occurred only rarely and was unrelated to treatment. Transendothelial migration was assessed by counting the number of viable lymphocytes present in the lower chamber at 24 h, with data normalized relative to lymphocyte migration across untreated mHEV monolayers. Cell viability was determined by trypan blue exclusion (3).
Northern blotting and RT-PCR
For Northern blotting, total cellular RNA was extracted and probed with cDNA encoding murine HO-1 (24) . RT-PCR was performed with primers specific for murine UDP-glucuronosyltransferase (UGT1A1) (5Ј-ctt gaa atg act gct gat ga-3Ј and 5Ј-ttt ctt cac tcg ccc ctt tc-3Ј) (32) and BVR (5Ј-ggg acg ctg caa ttt ggg c-3Ј and 5Ј-gcg aca tca acc tct tgg c-3Ј), with GAPDH primers (5Ј-tga agg tcg gtg tga acg cat ttg gc-3Ј and 5Ј-cat gta ggc cat gag gtc cac cac-3Ј) used to control for amplification.
Lymphocyte adhesion assay
Endothelial cells (mHEVa and mHEVc) were grown to confluence in 96-well tissue culture plates (Fisher Scientific). Monolayers were incubated for 24 h in presence of bilirubin, biliverdin, BDT, or vehicle, after which freshly isolated mouse splenic lymphocytes (ϳ1 ϫ 10 6 cells) labeled with calcein acetoxymethyl ester (AM) (1 M) were added (3) . Following a 30-min incubation at 37°C, nonadherent lymphocytes were removed by gently vortexing and aspirating the supernatant (3). Monolayers were then overlaid with 100 l of PBS containing 0.2 mM CaCl 2 and 0.1 mM MgCl 2 . Calcein fluorescence intensity (excitation: 485 nm; emission: 530 nm), indicative of lymphocyte binding, was measured on a 7620 Microplate Fluorometer (Cambridge Technology International). As a control for binding specificity, monolayers were incubated with blocking anti-VCAM-1 (20 g/ml) or anti-VLA4 Abs (20 g/ml) immediately before the addition of lymphocytes. These Ab concentrations have been demonstrated to maximally inhibit lymphocyte adhesion to mHEV monolayers in prior studies (33) . Isotype control Abs have previously been shown to have no effect on lymphocyte adhesion to mHEV monolayers (14) . Additionally, background adhesion, as determined by lymphocyte binding to a mouse melanoma cell line (B78H1), was found to be negligible (data not shown).
Confocal microscopy for monitoring the generation of ROS
Endothelial cells were grown to confluence on 22-mm glass coverslips. Monolayers were pretreated with bilirubin (or vehicle) for 1 h at 37°C in phenol red-free medium, and 1 M DHR (Molecular Probes) was added 15 min before stimulation with anti-VCAM-1-coated beads (3). ROS generation results in the oxidation of the nonfluorescent DHR to rhodamine 123, which manifests as an increase in fluorescence intensity (ex: 488 nm, em: 525 nm). Cellular fluorescence was measured at 0 min and 30 min after VCAM-1 stimulation using a Leica TCS4D confocal microscope equipped with an Omnichrome krypton-argon laser. These time points were selected because it has previously been shown that maximal ROS generation occurs at 30 min (3). The field of observation was changed after each reading to avoid laser-induced photoactivation. Data are presented as the change in fluorescence intensity from 0 min and are corrected for background by subtracting the fluorescence intensity of identically treated cells that were not loaded with DHR.
Assay of MMP activity by gel zymography
Confluent endothelial cell monolayers were incubated with anti-VCAM-1 Ab-coated beads in the presence of bilirubin or the potassium phosphate vehicle. At specified time intervals, cells were lysed with 120 mM Tris buffer containing 0.25% Triton X-100, 0.001g NaN 3 (pH 8.7). Lysates were subjected to overnight electrophoresis (70V, 25 mA, 4°C) on a 7.5% polyacrylamide gel impregnated with gelatin (0.2 mg/ml). The gel was subsequently incubated for 1 h at 25°C in 2.5% Triton X-100 and washed twice for 20 min in distilled deionized water. MMP activity was visualized by incubating the gel for 24 h at 37°C in 0.05 M Tris-HCl, 5 mM CaCl 2 (pH 8.0). Control gels were developed in the presence of EDTA (0.05 M Tris-HCl, 0.01 M EDTA (pH 8.0)) to demonstrate cation dependency. Gels were fixed and stained in 50% methanol, 10% acetic acid, and 0.25% Coomassie blue R250. MMP activity appears as clear bands, which were quantified by densitometry using Image J software (National Institutes of Health, ͗http://rsb.info.nih.gov/ij/͘). MMP isoforms were identified on the basis of molecular mobility and by comparison with purified standards (17) .
Assessment of cellular VCAM-1 expression
Confluent endothelial cell monolayers treated with bilirubin, biliverdin, BDT, or vehicle were harvested with PBS containing 0.03% EDTA, washed with PBS, and labeled with rat anti-mouse VCAM-1 (1/100 dilution) in PBS containing 0.3% BSA and 0.15% NaN 3 for 30 min at 4°C. The cells were labeled with goat anti-rat FITC-conjugated IgG (1/500 dilution; Southern Biotechnology Associates), washed, and fluorescence intensity quantified by flow cytometry (Coulter EPICS-XL). Unlabeled cells, which were incubated with secondary Ab alone, were used as a control for staining, and are comparable to isotype Ab-labeled cells (data not shown). 
Murine model of OVA-induced asthma
Adult female C57BL6/J mice were sensitized with two serial i.p. injections of OVA (200 l of 200-g grade V OVA adsorbed to 180 mg of aluminum hydroxide in 4 ml of saline for 1 h at room temperature) 1 wk apart (days 0 and 7) (34, 35) (Fig. 2) . Control animals received an equivalent volume of aluminum hydroxide in saline. Mice were challenged with 150 g of OVA in saline intranasally on day 14, with control animals receiving intranasal saline. Rodents in each group were administered six doses of i.p. bilirubin (30 mg/kg) or the potassium phosphate vehicle at 8-h intervals (days 14 and 15), commencing immediately after OVA challenge. Animals were sacrificed by CO 2 inhalation and the lungs were rapidly lavaged by injecting 0.5 ml of ice-cold PBS into the trachea using a 16-gauge needle. The lavage fluid was aspirated and the procedure repeated an additional time. Differential leukocyte counts were performed on H&E-stained cytospins, with a total of 200 cells counted from each of the pooled lavage samples. Frozen sections of mouse lung were stained with H&E to assess lung histology. Studies were reviewed and approved by the University of Cincinnati Institutional Animal Care and Use Committee.
Isolation and culture of bronchial lymph node-derived lymphocytes
Lymphocytes were obtained by gently pressing isolated bronchial lymph nodes through a 100-m nylon mesh (3). Cells were counted, aliquoted to 96-well plates at a concentration of 5 ϫ 10 6 per ml, and grown in RPMI 1640, 1 mM HEPES, 10 mM NaHCO 3 , 2 mM glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 50 g/ml gentamicin, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 50 M 2-ME, and 5% heatinactivated FCS (pH 7.2) for 24 h. Samples obtained from each of the two saline control groups were pooled due to low cell yields. Cultured lymphocytes were stimulated with 500 g/ml OVA for 48 h at 37°C, and the medium harvested and stored at Ϫ80°C before analysis.
Measurement of cytokine and chemokine concentrations
Cytokine (IL-2, IFN-␥, IL-4, IL-5, IL-6, IL-10, IL-12, TNF-␣, and MCP-1) levels in lung lavage fluid and in lymphocyte supernatants were measured using Cytometric Bead Array kits (BD Biosciences), according to the manufacturer's instructions. Briefly, samples were incubated with cytokinespecific Ab-coated beads for 2 h, washed, and analyzed by flow cytometry. Concentrations were determined from generated standard curves. Eotaxin levels were detected colorimetrically using the Mouse Eotaxin Immunoassay Kit (BioSource International), with data corrected for bilirubin absorbance, as previously described (30) .
Immunohistochemical staining
Frozen tissue sections were prepared and incubated in the presence of the appropriate primary Ab (rat anti-mouse VCAM-1 (1/200); rat anti-mouse MBP-1 (1/500)) or the isotype control Ab (rat anti-mouse Ig; 1/500) at room temperature for 1 h. For detection of VCAM-1, tissue sections were labeled with a FITC-conjugated secondary Ab (goat anti-rat IgG; 1/200) and analyzed by confocal microscopy (ex: 488 nm; em: 530 nm). Lung tissue sections were labeled with anti-MBP-1, a marker specific for eosinophils (36) and stained using an HRP-conjugated secondary Ab (goat antirat IgG; 1/500), followed by diaminobenzidine substrate and counterstaining with methyl green. The number of MBP-1-positive cells in 20 separate high-power fields was determined for each specimen.
Statistical analyses
Data were analyzed using a computer-based statistical package (Statistix 7; Analytical Software) with differences between mean values assessed by ANOVA with Scheffe comparison (30) .
Results
Effect of bilirubin on transendothelial lymphocyte migration
To determine the effect of bilirubin on VCAM-1-mediated transendothelial lymphocyte migration, we used two separate endothelial cell lines, mHEVa (derived from murine axillary lymph nodes) and mHEVc (derived from murine cervical lymph nodes), which constitutively express VCAM-1. These cells have been shown to bind resting lymphocytes through VCAM-1 ␣ 4 integrin interactions (29) and to promote transmonolayer migration. Because the viability of cultured mHEVa and mHEVc cells and isolated splenic lymphocytes (as determined by trypan blue exclusion) was unaffected by bilirubin levels up to 20 M, concentrations within this range were used in our experiments. The effect of bilirubin, biliverdin, and BDT on the migration of freshly isolated splenic lymphocytes across confluent endothelial cell monolayers is depicted in Fig. 3 . Treatment with either bilirubin or biliverdin was associated with a significant reduction in the number of lymphocytes in the lower chamber of the transwell at 24 h, while the bilirubin conjugate, BDT, had no effect on the transendothelial lymphocyte migration. Monolayer integrity, evidenced by the absence of erythrocyte translocation from the upper to the lower chamber of the transwell, was not altered by any of the treatments. These data suggest that physiologic concentrations of bilirubin, and its metabolic precursor, biliverdin, inhibit the migration of lymphocytes across endothelial cell monolayers. That this inhibitory effect is exerted at the level of the endothelial cell is supported by the finding that preincubation of lymphocytes for 24 h in the presence of bilirubin (20 M), biliverdin (20 M), or BDT (20 M) had no effect on migration when treatments were removed before the addition of these pretreated cells to the transwell (data not shown).
As outlined in Fig. 2 , the sequential activity of HO and BVR is required for the generation of bilirubin from heme, while the bilirubin-specific isoform UGT1A1, catalyzes the main pathway of bilirubin degradation. If bilirubin is an important modulator of inflammation, it follows that the expression of these enzymes in endothelial cells will be tightly regulated. As bilirubin has been shown to stimulate hepatic expression of the bilirubin-conjugating enzyme, UGT1A1 (37, 38), we sought to determine whether bilirubin, or its analogues, modulates endothelial cell expression of the enzymes involved in bilirubin production and metabolism. Northern blotting demonstrated expression of HO-1 mRNA in mHEVc cells, while message for BVR and UGT1A1 was detected by RT-PCR (Fig. 4) , supporting the ability of this cell line to generate and metabolize bilirubin. Similar results were obtained with the mHEVa cells (data not shown). The presence of message for BVR, the enzyme responsible for the conversion of biliverdin to bilirubin, also indicates that mHEV cells possess the enzymatic machinery necessary for the redox cycling of bilirubin. None of the bile pigments tested were found to alter cellular expression of the enzymes regulating bilirubin metabolism.
Because migration across mHEV monolayers is predicated upon the binding of endothelial cell VCAM-1 to leukocyte VLA-4, we assessed whether bilirubin disrupts the interaction between these adhesion molecules. For these studies, the adhesion of calcein AM-labeled splenic lymphocytes to cultured mHEV cells was assessed in the presence or absence of bilirubin, biliverdin, or BDT (Fig. 5) . None of these bile pigments was found to alter lymphocyte binding to mHEV monolayers, while in contrast, Abs to VCAM-1 and VLA-4 significantly reduced the number of bound lymphocytes. Similarly, neither bilirubin, biliverdin, nor BDT treatment affected the expression of VCAM-1 by mHEV cells (Fig.  6) . Taken together, these data support that bilirubin and its analogues do not block lymphocyte migration by disrupting the cellular expression or interaction of adhesion molecules.
Influence of bilirubin on VCAM-1-mediated cell signaling pathways
It has previously been demonstrated that lymphocyte migration across mHEV monolayers requires the activation of endothelial NADPH oxidase and the subsequent generation of extracellular superoxide radicals (3). Because bilirubin is a potent antioxidant (22), we speculate that bilirubin inhibits VCAM-1-mediated endothelial cell signaling by scavenging ROS produced by the activation of NADPH oxidase. To determine whether bilirubin inhibits NADPH oxidase-mediated ROS production, mHEVc cells were treated with either bilirubin or vehicle and then labeled with the redox-sensitive dye, DHR. Following stimulation with anti-VCAM-1-coated microbeads, the ROS-mediated conversion of DHR to the highly fluorescent rhodamine 123 was assessed by confocal microscopy (Fig. 7) . Bilirubin attenuates the enhancement in rhodamine fluorescence in response to VCAM-1 stimulation, supporting that bilirubin blocks VCAM-1-induced ROS generation. Because increases in NADPH oxidase activity lead to the specific activation of MMP-2 and -9 in mHEV cells, we sought to determine whether bilirubin treatment alters this downstream event in VCAM-1 signaling. Following pretreatment with bilirubin (or vehicle), mHEV monolayers were stimulated with anti-VCAM-1-coated beads, and the MMP activity in cell lysates was assessed by zymography. As shown in Fig. 8 , treatment with bilirubin abolishes the time-dependent activation of MMP-2 and MMP-9, providing additional evidence that bilirubin impedes VCAM-1-mediated cellular events.
Effect of bilirubin on allergen-induced airway inflammation
To evaluate whether bilirubin is able to inhibit VCAM-1-mediated leukocyte migration in vivo, we used a murine model of OVAinduced airway inflammation (34, 35) . C57BL6/J mice were administered OVA via i.p. injection. Subsequent exposure of sensitized animals to intranasal OVA produces an asthma-like Th2 immune response. The resultant pulmonary eosinophilia and lymphocytosis has previously been demonstrated to be VCAM-1-dependent (34, 35) . Following intranasal OVA challenge, mice were administered a total of six doses of bilirubin (30 mg/kg), or potassium phosphate vehicle, i.p. at 8-h intervals before sacrifice. As expected, OVA-challenged mice exhibit a marked infiltration of inflammatory cells into the lung parenchyma as compared with saline-treated control animals (Fig. 9A, left panels) . Notably, treatment with bilirubin was associated with a significant reduction in the number of inflammatory cells in the lung tissue, while bilirubin administration in the absence of OVA did not alter lung morphology. These findings were confirmed by measuring leukocyte accumulation in lung lavage fluid (Fig. 9B) , which was markedly increased following OVA stimulation. Concomitant bilirubin administration significantly blunted this leukocyte response. When stratified by cell type, bilirubin specifically inhibited the infiltration of eosinophils and lymphocytes into the airways (Fig. 9C) . These findings were corroborated by immunohistochemical staining of lung tissue sections for MBP-1, an eosinophil-specific marker (36) , which demonstrates substantially lower numbers of eosinophils in lung tissue from bilirubin-treated vs vehicle-treated animals (Fig.  10) . Because, in this model, both eosinophil and lymphocyte migration into the lungs have been shown to be VCAM-1-dependent (34, 35) , our data are consistent with the hypothesis that bilirubin blocks pulmonary leukocyte infiltration by inhibiting VCAM-1 signaling.
An examination of peripheral blood smears from OVA-and vehicle-treated mice demonstrates that bilirubin administration increases the number of circulating eosinophils (Fig. 11) , indicating that the inhibition of pulmonary eosinophilia by bilirubin is not the result of diminished eosinophil production or release from the bone marrow. Immunohistochemical staining of lung tissue sections further demonstrates that bilirubin treatment does not significantly alter VCAM-1 expression in the pulmonary vasculature, suggesting that the associated decrease in leukocyte infiltration into the airway is not the result of impaired cellular adhesion (Fig.  12) . To assess for the possibility that the bilirubin-induced reduction in eosinophil accumulation is due to altered chemotactic signaling, we measured the concentration of eotaxin, a chemokine responsible for eosinophil migration (39) , in lung lavage fluid. Consistent with the findings of other investigators (40) , eotaxin levels increase following OVA challenge, but are unaffected by bilirubin administration (Fig. 13A) . Concentrations of IL-5, a Th2 cytokine that acts as an eosinophil chemoattractant (41) , are also elevated in response to OVA challenge (42) and are also not altered by bilirubin treatment (Fig. 13C) . Indeed, bilirubin had no effect on any of the measured cytokine or chemokine levels in lung lavage fluid when compared with the corresponding vehicletreated animals (Table I) .
To determine the effect of bilirubin on cellular cytokine production, the response of activated bronchial lymph node-derived lymphocytes to OVA rechallenge was assessed in vitro. As seen in Fig.  13B , the production of eotaxin by isolated lymphocytes increases in response to OVA challenge, but remains unaffected by bilirubin treatment. Lymphocytes derived from OVA-treated mice also exhibit specific responses to OVA exposure, with enhanced production of Th2 (e.g., IL-5) but not Th1 (e.g., IL-2) cytokines (Fig. 13,  D and F) . That bilirubin does not modulate levels of inflammatory stimuli is evidenced by the fact that an identical pattern of cytokine production is observed in lymphocytes derived from bilirubin-vs vehicle-treated animals. These data, along with similar findings for the Th2 cytokines IL-4, IL-6, and IL-10, the Th1 cytokines IL-2 and IFN-␥, and the chemokine MCP-1, are summarized in Table I . Taken together, our findings indicate that bilirubin prevents OVAinduced eosinophil infiltration into the lungs despite the presence of a sufficient circulating pool of available cells and abundant chemotactic stimuli, supporting the conclusion that bilirubin inhibits VCAM-1 signaling pathways responsible for leukocyte migration across the pulmonary vascular endothelium.
Discussion
The present studies demonstrate that both unconjugated bilirubin and the bilirubin precursor, biliverdin, inhibit transendothelial leukocyte migration in vitro. Because lymphocyte migration across mHEV monolayers is VCAM-1-dependent (3, 14, 17, 18) , and we have shown that bilirubin suppresses cellular ROS generation and MMP activation, events which are downstream of VCAM-1 stimulation (3), our findings suggest that bilirubin disrupts endothelial VCAM-1 signaling. It is notable that these effects occur at bilirubin concentrations that are within the normal range present in human serum (Յ1.4 mg/dL Ϸ 24 M) (43) . Moreover, to ensure that bilirubin was adequately solubilized, experiments were conducted in the presence of 20% FCS, which is optimal for transendothelial lymphocyte migration (data not shown). This level of FCS corresponds to a BSA concentration of ϳ90 M (44), and results in bilirubin:BSA molar ratios of between 0 and 0.2. As a result of the high affinity binding of bilirubin by BSA (45) (46) (47) , even at the highest levels of bilirubin used (20 M), the free bilirubin concentration in the medium is estimated to be very low (ϳ3 nM), well within the reported solubility at physiologic pH (48) . Because the free concentration dictates the cellular uptake and biological activity of bilirubin (49, 50) , the observed effects can reasonably be extrapolated to in vivo processes.
The relevance of our in vitro data to physiological events is highlighted by the observation that the i.p. administration of bilirubin blocks the influx of leukocytes into the lungs of mice with OVA-induced asthma. It has previously been shown that Abs to ␣ 4 integrins or VCAM-1 inhibit the recruitment of eosinophils and lymphocytes into the airways of OVA-sensitized and OVA-challenged mice (34, 35) . Our finding that bilirubin treatment has identical effects on OVA-induced leukocyte recruitment is consistent with a mechanism of action that involves the disruption of VCAM-1 signaling. This conclusion is bolstered by the observation that bilirubin does not alter VCAM-1 expression in the pulmonary vascular endothelium and that bilirubin-treated animals exhibit similar cytokine and chemokine responses as vehicletreated controls. Moreover, a decrease in eosinophil infiltration into the airways occurs despite an enhanced pool of cells available for migration into the lungs, as evidenced by the significant increase in the number of circulating blood eosinophils following bilirubin administration. The mechanism underlying this bilirubinassociated blood eosinophilia, which was observed in both OVAsensitized and -nonsensitized mice, is unclear. Although a stimulatory effect of bilirubin on eosinophil production cannot be excluded, because VCAM-1 has been shown to be involved in the trafficking of leukocytes to the intestine (51), bone marrow (52), and lymph nodes (53), we speculate that bilirubin enhances the number of eosinophils in the systemic circulation by blocking the normal migration into these tissues.
That cellular NADPH oxidase activity is integral to VCAM-1 signaling is supported by the observation that lymphocyte migration across mHEV monolayers is abrogated by specific inhibitors of NADPH oxidase, as well as by the ROS scavengers superoxide dismutase and catalase (3) . As bilirubin is a potent antioxidant (22, 25) , we postulate that this bile pigment inhibits VCAM-1-mediated leukocyte migration by scavenging the low (micromolar) concentrations of ROS generated by VCAM-1-dependent NADPH oxidase activation (18) . Additionally, it has been shown that administration of an antioxidant mimetic, AEOL 10113, ameliorates OVA-induced pulmonary eosinophilia and lymphocytosis (20) and is further buttressed by our finding that bilirubin suppresses endothelial cell ROS production in response to VCAM-1 stimulation. Indeed, at 20-M concentrations, bilirubin blocked lymphocyte migration to a comparable degree as previously shown for the ROS scavengers, superoxide dismutase (500 U/ml) and catalase (5000 U/ml), as well as an inhibitor of NADPH oxidase, apocynin (0.5 mM). However, these data do not preclude the possibility that bilirubin interferes with NADPH oxidase assembly or with upstream signaling events (14, 18) . Baranano et al. (25) recently proposed a cytoprotective mechanism in which bilirubin is oxidized to biliverdin and then recycled back to bilirubin by the action of cellular BVR. That redox cycling of bilirubin may be occurring in vascular endothelium receives support from our demonstration that mHEV cells express message for BVR and that treatment with biliverdin blocks lymphocyte migration to a comparable degree as bilirubin in vitro. In contrast, the ubiquitous nature of BVR activity in mammals, which results in the quantitative and rapid conversion of biliverdin to bilirubin under both physiological and pathophysiological conditions (54), makes it likely that bilirubin is the more relevant inflammatory mediator in vivo. In contrast with biliverdin, treatment of cell monolayers with the stable bilirubin conjugate, BDT, has no discernable effect on transendothelial lymphocyte migration, despite the fact that conjugated bilirubin also functions as an antioxidant (55) . Although unconjugated bilirubin (and presumably biliverdin) is capable of diffusing rapidly through cellular membranes (56, 57) , bilirubin conjugates, which are more hydrophilic, are membrane impermeant (58) . Whether these differences in permeation are related to the inability of BDT to modulate lymphocyte migration is unknown at this time, but remains an intriguing possibility. Alternatively, these findings may be explained by the fact that the potency of BDT as an antioxidant is inferior to that of bilirubin or biliverdin (59) .
It is notable that HO, the rate-limiting enzyme in bilirubin synthesis, is up-regulated at sites of inflammation and that the stimulated activity of this enzyme is associated with diminished tissue injury in a host of model systems (60 -63) , including allergeninduced airway disorders (64, 65) . That bilirubin is a key mediator of the cytoprotective effects of HO is supported by a number of in vitro (26, 66 -69) and in vivo (21, 24, 70) studies demonstrating that bilirubin ameliorates cellular oxidative damage. One of the ways in which bilirubin has been shown to inhibit tissue injury is by preventing the induction of NO synthase and consequent increases in NO levels (24) . However, data are conflicting as to whether inducible NO synthase (iNOS) contributes to lung inflammation in the OVA asthma model. For example, it has been reported that pretreatment of mice with specific iNOS inhibitors decreases airway eosinophilia in response to allergen stimulation, either by blocking chemokine expression (71) or by delaying the efflux of eosinophils from the bone marrow (72) . In contrast, other investigators have been unable to demonstrate a protective effect of iNOS inhibition on pulmonary leukocytosis (73) (74) (75) , and iNOSdeficient mice paradoxically exhibit enhanced lung injury in response to OVA challenge (76) . Our demonstration that bilirubin treatment does not alter chemokine levels and is associated with an increase (as opposed to a decrease) in the number of circulating eosinophils makes it unlikely that the effects of this bile pigment on airway inflammation are related to alterations in iNOS expression. Furthermore, mHEV cells do not express iNOS (data not shown), rendering it doubtful that the mechanism underlying bilirubin-mediated inhibition of transendothelial lymphocyte migration is iNOS-dependent.
Our finding that both endothelial and inflammatory cells (24) express all of the necessary enzymes involved in bilirubin synthesis and degradation, implies a high degree of regulation of cellular bilirubin levels and supports a potentially broad role for this endogenous bile pigment as a physiological regulator of inflammation. VCAM-1-mediated leukocyte recruitment is implicated in the pathogenesis of a number of inflammatory conditions, including atherosclerosis (77, 78) and inflammatory bowel disease (4, 9, 13) . With regard to the former, VCAM-1 is detectable in atherosclerotic plaques (79) and endothelial expression of this adhesion molecule has been shown to be an early event at sites predisposed to atherosclerosis (80) . Moreover, disruption of VCAM-1 expression in the atherosclerosis-prone low density lipoprotein receptor knockout mouse is associated with a significant decrease in the number of vascular lesions (78) . Consistent with the hypothesis that bilirubin may modulate the process of atherogenesis by inhibiting VCAM-1 signaling, a host of epidemiological analyses have identified an inverse correlation between serum bilirubin levels and both the risk and severity of cardiovascular disease (81) (82) (83) (84) . In summary, our data demonstrate that bilirubin suppresses Th2 cytokine-mediated airway inflammation in response to an allergen challenge by inhibiting endothelial cell VCAM-1 signaling, and that the mechanism underlying these effects appears to involve the scavenging of NADPH oxidase-generated ROS. As the essential role of low concentrations of ROS as cellular second messengers becomes more clearly elucidated (85, 86) , our data raise the intriguing possibility that bilirubin may regulate a variety of fundamental cellular processes through BVR-catalyzed redox cycling.
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